Introduction {#Sec1}
============

Plasmonic nanostructures of various kinds of geometries have been synthesized and utilized for bio- and chemical sensing in recent years^[@CR1]^. It has been known that localized surface plasmon resonance (LSPR) of noble metal nanoparticles can induce intense and highly localized electromagnetic fields for surface-enhanced Raman spectroscopy (SERS) and metal-enhanced fluorescence^[@CR2]^. Since Raman signals can be acquired within seconds from a small amount of sample without complicated sample preparation procedures and can be analysed to provide a "fingerprint" of the molecule being observed, Raman spectroscopy has drawn much attention recently for its applications in food safety testing and environmental monitoring^[@CR3]--[@CR9]^. When Au and Ag nanoparticles (AuNPs and AgNPs) are used for SERS detection of molecules, the distance between adjacent nanoparticles should be as short as a few nanometres to obtain high Raman enhancement^[@CR10],[@CR11]^. In addition to the interparticle distance, which can be fine-tuned to optimize the SERS effects^[@CR12]--[@CR14]^, the size, shape, composition and surrounding environment of metal nanoparticles should also be carefully controlled to achieve sensitive and reproducible SERS detection^[@CR2]^. To assemble metal nanostructures that have precisely controlled geometry and many small gaps as SERS hot spots, various top-down lithographic approaches and bottom-up self-assembly methods have been developed recently. Molecular self-assembly is one of the bottom-up methods that can be used to assemble two- dimensional (2D) or three-dimensional (3D) nanostructures in a simple and cost-effective way^[@CR12],[@CR14]--[@CR17]^. While randomly aggregated AuNPs or AgNPs can already be used to enhance Raman signals, using DNA or other molecules to direct the assembly of nanoparticles allows us to have a better control of the geometries of nanoparticle-based SERS substrates and thus their SERS effects. Given that DNA molecules of different lengths and sequences can be synthesized easily, nanoparticles can be assembled into a designed nanostructure through DNA hybridization or attachment of end-labelled functional groups^[@CR18]--[@CR23]^. For example, it has been demonstrated that Au-Ag core-shell nanodumbbells^[@CR12],[@CR13]^ and plasmonic core-satellite nanostructures can be assembled through DNA hybridization^[@CR14],[@CR24]--[@CR28]^ or binding of other linker molecules^[@CR29]--[@CR34]^. The SERS effects of the nanoparticle-based nanostructures can be optimized by controlling the gaps between adjacent nanoparticles through coating Ag shells around the nanoparticles^[@CR12]--[@CR14]^. In addition, when a DNA aptamer is used as a linker to attach two nanoparticles, an analyte-controllable SERS hot spot at the nanogap between the nanoparticles can be created^[@CR28],[@CR35]--[@CR37]^.

When using either metal nanoparticles or nanostructured substrates for SERS detection of molecules, it is important to have many electromagnetic hot spots at the focal point of the Raman excitation laser to obtain good sensitivity. While various kinds of SERS substrates have been developed in recent years, the hot spots of many of these substrates, which are made by either nanofabrication or self-assembly of nanoparticles, are usually limited to a thin 2D plane that has a thickness of a few tens of nanometres. Given that the focal volume of a Raman excitation laser is a 3D space rather than a 1D line or 2D plane, increasing the number of SERS hot spots in the z-direction allows for better use of the focal volume and thus can increase Raman signals^[@CR38]--[@CR41]^. In addition, a larger surface area of a 3D substrate allows more molecules to bind to the substrate, which is also beneficial for the sensitivity of detection.

In this study, to obtain a high density of SERS hot spots in all three dimensions, we used a DNA-assisted assembly method to immobilize AuNPs on the surfaces of micron-sized polymer beads to create core-satellite nanostructures that had many nanogaps between the AuNPs. To maximize the enhancement factor and the number of nanogaps, we investigated the experimental parameters that could increase the density of the immobilized AuNPs, and we fine-tuned the interparticle distance through adding a Ag shell to the AuNPs. In addition, since the nanostructures synthesized in this study were dispersible in solution rather than immobilized on a fixed substrate, we were able to prepare 3D SERS substrates by accumulating the core-satellite nanostructures using a drying process. Given that the size of the laser spot was much larger than the size of each core-satellite nanostructure, the number of SERS hot spots excited by the laser significantly increased after we accumulated the dispersed nanostructures.

The hot spots of our 3D SERS substrates, which were formed with plasmonic core-satellite nanostructures, were densely distributed not only on a 2D plane but also in the z-direction along the micron-sized bead surface. Although recent studies have demonstrated various kinds of core-satellite nanostructures, some of the studies only focus on the synthesis and plasmonic properties of the nanostructures but did not use the nanostructures for SERS^[@CR24],[@CR25],[@CR32],[@CR42]--[@CR47]^. Some other studies used core-satellite nanostructures for enhancing Raman reporter molecules that were placed at the hot spots but not for determining the concentrations of molecules^[@CR30],[@CR31],[@CR33],[@CR34],[@CR48]--[@CR50]^. Many of the core-satellite nanostructures used for SERS detection of molecules were based on detection schemes that utilized either DNA aptamers and Raman reporter molecules^[@CR28],[@CR29],[@CR36],[@CR37],[@CR51]--[@CR53]^ or certain kinds of chemical interactions^[@CR54]--[@CR56]^, but the availability of suitable aptamers and chemical reactions could limit the use of the nanostructures for the detection of other molecules. Some of the SERS substrates formed with core-satellite nanostructures did not have many SERS hot spots in the z-direction, and the density of the nanostructures in the xy-plane was not maximized^[@CR14],[@CR27],[@CR57]^. In this study, we did not use any specific aptamer, Raman reporter, or chemical reactions for SERS detection. We determined the sensitivity and reproducibility of our SERS substrates by measuring SERS spectra of melamine, which was once found to be illegally added to milk products^[@CR58],[@CR59]^, and sodium thiocyanate (NaSCN), which is a preservative for milk^[@CR60]^ but could affect thyroid function when its concentration is too high^[@CR61]^.

Results and Discussion {#Sec2}
======================

Synthesis of core-satellite nanostructures {#Sec3}
------------------------------------------

The schematic showing the assembly of the core-satellite nanostructure is shown in Fig. [1](#Fig1){ref-type="fig"}. To synthesize the nanostructure, the AuNPs were functionalized with thiol-modified A10 DNA molecules as well as dual-labelled linker DNA molecules, which were modified with thiol on one end and biotin on the other, using a method similar to that reported by Xu *et al*.^[@CR62]^. Briefly, by using Tween 80 as a protective agent, the two kinds of DNA molecules were conjugated to the AuNPs under high salt concentration. Then, the AuNPs were immobilized on the surfaces of streptavidin-coated polymer beads through the binding between streptavidin and biotin to form the core-satellite nanostructures. It should be note that, while the biotin-labelled DNA is essential to the immobilization of the AuNPs, the number of the biotin-labelled DNA molecules immobilized on each AuNP should be low enough to avoid multiple polymer beads being attached to a AuNP and causing aggregation of the beads. On the other hand, since the AuNPs formed aggregations in a salt solution when the number of DNA molecules attached to each AuNP was too low, we functionalized the AuNPs with many thiol-modified A10 DNA molecules in addition to the biotin-labelled DNA to stabilize the AuNPs. To improve the SERS effects of the assembled core-satellite nanostructures, we optimized the parameters for the AuNP immobilization to immobilize a high density of the AuNPs on the polymer beads, and we fine-tuned the sizes of the nanogaps between the adjacent immobilized AuNPs by adding a Ag shell to the AuNPs, which will be detailed later.Figure 1Schematic representation of the assembly process for the core-satellite nanostructure. The AuNPs were functionalized with two kinds of DNA for stabilization and attachment to the polymer bead through binding between streptavidin and biotin.

To increase the density of the AuNPs immobilized on each polymer bead as much as possible, we investigated the effects of salt concentration of solution and the number ratio of the AuNPs to the polymer bead on the AuNP immobilization. Figure [2a--c](#Fig2){ref-type="fig"} are the scanning electron microscope (SEM) images showing the distribution of the AuNPs immobilized at different NaCl concentrations. To quantify the results, for each condition we used three SEM images to calculate the number of the AuNPs in a square area (250 μm × 250 μm) located at the centre of each SEM image. As shown in Fig. [2d](#Fig2){ref-type="fig"}, the densities of the immobilized AuNPs were 405, 1429, and 1461 particles/μm^2^ for the core-satellite nanostructures assembled at 0 M, 0.05 M, 0.3 M NaCl solution, respectively. Figure [2a](#Fig2){ref-type="fig"} shows that, when there was no NaCl in solution, the AuNPs could not be densely immobilized because of the repulsive forces from the negatively charged DNA. On the other hand, as shown in Fig. [2b,c](#Fig2){ref-type="fig"}, the density of the immobilized AuNPs was significantly increased when the concentration of NaCl was raised to 0.05 M and 0.3 M. However, as shown in Fig. [2c](#Fig2){ref-type="fig"}, we found that the AuNPs formed small clusters on the surfaces of the polymer beads under 0.3 M NaCl solution. A possible reason for the cluster formation was that the number of the DNA molecules immobilized on each AuNP was not enough to stabilize the AuNP under such high salt concentration. Given that adjacent metal nanoparticles on a SERS substrate should be close but not touching each other to achieve optimal SERS effects, we immobilized the AuNPs on the polymer beads under 0.05 M NaCl solutions in the later experiments.Figure 2Effects of NaCl concentration and the number ratio of the AuNPs to the polymer beads on the AuNP immobilization. (**a**--**c**) Representative SEM images showing the spatial distribution of the AuNPs immobilized on the polymer beads at (**a**) 0 M, (**b**) 0.05 M, and (**c**) 0.3 M NaCl solution. (**d**,**h**) The densities of the AuNPs immobilized (d) at three different NaCl concentrations and (**h**) with three different number ratios of the AuNPs to the polymer beads (*n* = 10 per experimental condition). Error bars, SD. (**e**--**g**) Representative SEM images showing the core-satellite nanostructures assembled with three different number ratios of the AuNPs to the polymer beads: (**e**) 1667:1, (**f**) 2500:1, (**g**) 5000:1.

Figure [2e--g](#Fig2){ref-type="fig"} are the representative SEM images of the core-satellite nanostructures assembled with three different number ratios of the AuNPs to the polymer beads. As shown in Fig. [2e--g](#Fig2){ref-type="fig"}, the sizes of the nanogaps between adjacent nanoparticles decreased as the ratio changed from 1667:1 to 5000:1, and increasing the ratio further does not reduce the sizes of the nanogaps more. Based on the analysis of three SEM images for each condition, the densities of the immobilized AuNPs were 955, 1072, and 1429 particles/μm^2^ for the ratio of 1667:1, 2500:1, and 5000:1, respectively, as shown in Fig. [2h](#Fig2){ref-type="fig"}.

Preparation of 3D SERS substrates {#Sec4}
---------------------------------

After immobilizing the AuNPs on the polymer beads to form the core-satellite nanostructures, we grew a Ag shell on the surfaces of the AuNPs, which then became Au-Ag core-shell nanoparticles, to reduce the interparticle distance further, as shown in Fig. [3a](#Fig3){ref-type="fig"}. The Ag shell was required for obtaining strong Raman enhancement since the gaps shown in Fig. [2g](#Fig2){ref-type="fig"} were still not small enough to serve as effective SERS hot spots^[@CR12]^, though we had found the experimental conditions to densely immobilize the AuNPs. As shown in the SEM image (Fig. [3b](#Fig3){ref-type="fig"}), after the AuNPs of the nanostructure were coated with a Ag shell, the gaps between the nanoparticles indeed became smaller than that shown in Fig. [2g](#Fig2){ref-type="fig"}. The extinction spectra of the nanostructures in water before and after the addition of the Ag shell are shown in Supplementary Fig. [S1](#MOESM1){ref-type="media"}.Figure 3Addition of a Ag shell to the core-satellite nanostructure and utilization of the nanostructure in SERS measurements. (**a**) Schematic representation of the growth of a Ag shell on the AuNPs immobilized on the polymer beads. (**b**) Representative SEM image of the core-satellite nanostructure coated with a Ag shell. (**c**,**f**) Representative optical microscope images showing the core-satellite nanostructures (**c**) dispersed in solution and (**f**) accumulated by drying a nanostructure-containing droplet suspended on a PDMS sheet. When using substrates similar to that shown in (**f**) for SERS measurement, the Raman laser was focused at the central regions of the substrates. Inset in (**c**) is a zoom-in view of the dispersed nanostructures. The red dashed circle indicates the size of the laser spot. (**d**,**g**) SERS spectra of 100 μM adenine measured using (**d**) five mixtures containing the same batch of dispersed nanostructures and (**g**) five substrates similar to that shown in (**f**). (**e**) The intensities of the Raman peak of adenine at 734 cm^−1^ in the spectra shown in (**d**). (*n* = 10 per sample). Error bars, SD. (**h**) The intensities of the Raman peak of adenine at 734 cm^−1^ in the spectra shown in (**g**) (*n* = 10 per sample). Error bars, SD.

Before we fine-tuned the thickness of the Ag shell to optimize the SERS effect, we compared two different methods to utilize the core-satellite nanostructures in SERS measurements. We used adenine as a model analyte to understand the intensity and reproducibility of the Raman signals obtained using the two methods. As shown in Fig. [3c](#Fig3){ref-type="fig"}, we first used the core-satellite nanostructures dispersed in solution to enhance the Raman signals of 100 μM adenine, and we compared the SERS spectra obtained from five mixtures containing the same batch of nanostructures to understand the reproducibility of the measurement. The SERS spectra measured from the five mixtures, as illustrated in Fig. [3d](#Fig3){ref-type="fig"}, all clearly show the characteristic Raman peaks of adenine at 734 and 1334 cm^−1^. The average intensities of the peak at 734 cm^−1^ are shown in Fig. [3e](#Fig3){ref-type="fig"}, and the relative standard deviation (RSD) of all of the results was as high as 48.4%. The inset of Fig. [3c](#Fig3){ref-type="fig"} shows that the Raman laser spot excited only a few nanostructures during a measurement. Therefore, we believe that the high RSD of the results was due to a significant variation in the number of the nanostructures excited by the Raman laser between different measurements. To obtain more reproducible SERS signals, we tested another method of using the synthesized nanostructures for SERS detection of molecules, in which a suspended droplet containing the nanostructures was dried on the surface of a hydrophobic PDMS sheet to accumulate the nanostructures^[@CR63],[@CR64]^. As shown in Fig. [3f](#Fig3){ref-type="fig"}, we used the drying process to prepare an area covered by the tightly packed nanostructures to serve as a 3D SERS substrate. While each of the core-satellite nanostructure already had many SERS hot spots at the nanogaps between adjacent satellite nanoparticles, the SERS substrates formed by the accumulation of the nanostructures were able to have even more SERS hot spots because many nanogaps were created between nanostructures. The background SERS spectrum of the substrate is shown in Supplementary Fig. [S2](#MOESM1){ref-type="media"}. To evaluate the reproducibility of the Raman signals enhanced by the accumulated nanostructures, we prepared five substrates (see Supplementary Fig. [S3](#MOESM1){ref-type="media"}) similar to that shown in Fig. [3f](#Fig3){ref-type="fig"} and then used them to measure SERS spectra of 100 μM adenine. We focused the Raman laser at the central region of each substrate during the measurements. As shown in Fig. [3g,h](#Fig3){ref-type="fig"}, the intensities of the peak at 734 cm^−1^ measured using the five substrates were all much stronger than that measured using the dispersed nanostructures, and the RSD of the results measured from the five substrates was only 9.9%. The SERS mapping result shown in Supplementary Fig. [S4](#MOESM1){ref-type="media"} also indicates good uniformity of Raman signals. These results clearly show that the core-satellite nanostructures accumulated by the drying process can serve as a sensitive and reproducible SERS substrate. Thus, we used this kind of substrate in the following experiments.

To understand the SERS effects at different locations of the substrate formed by the drying process, we measured SERS spectra of 100 μM adenine in the four regions shown in Fig. [4a](#Fig4){ref-type="fig"}. Figure [4b](#Fig4){ref-type="fig"} shows that the intensity of the Raman peak of adenine at 734 cm^−1^ was highest in the central region and that the intensity gradually decreased as the location of measurement moved away from the centre of the substrate. In addition, the surface profile of the substrate, which was measured along the white dashed line in Fig. [4a](#Fig4){ref-type="fig"} using a surface profiler (KLA-Tencor, P-11), shows that the height of the substrate gradually decreased from the centre to the side, as shown in Fig. [4c](#Fig4){ref-type="fig"}. The height was \~6 μm in the central region of the substrate. The results shown in Figs [3c--h](#Fig3){ref-type="fig"} and [4a,b](#Fig4){ref-type="fig"} demonstrate that the preparation of the substrate was as important as the synthesis of the nanostructures to obtain strong and reproducible Raman signals. Since the droplet that contained the nanostructures was suspended on a hydrophobic PDMS sheet when being dried, no prominent coffee-ring effect was observed on the drying pattern, and the electrostatic adsorption of the nanostructures on the PDMS sheet was not significant either. As a result, a high density of 3D SERS hot spots was created at the centre of the drying pattern, and the Raman enhancement in the central region of the substrate was strong and reproducible when using our drying configuration.Figure 4SERS effects at different locations of the substrate and the surface profile of the substrate. (**a**) Representative optical microscope image showing the four regions on the substrate for SERS measurement. (**b**) The intensities of the characteristic Raman peak of adenine at 734 cm^−1^ measured in the four regions shown in (**a**) (*n* = 10 per region). Error bars, SD. (**c**) Surface profile of the substrate measured along the white dashed line in (**a**) using a profiler.

Optimization of SERS effects {#Sec5}
----------------------------

After finding the proper method to utilize the nanostructures for SERS measurements, we optimized the SERS effect of the nanostructure by adjusting the thickness of the Ag shells coated over the satellite nanoparticles. The Ag shell had a major impact on the SERS effect since it affected the interparticle distance and the size of the satellite nanoparticle. During the optimization process, we first tried to grow the Ag shells at three different NaCl concentrations (0.05 M, 0.1 M, and 0.3 M), as it has been reported that the growth of Ag on the surface of a DNA-modified AuNP became more asymmetric as the salt concentration decreased^[@CR65]^. However, as shown in Supplementary Fig. [S5](#MOESM1){ref-type="media"}, the NaCl concentration did not cause much difference in the size and shape of the Au-Ag satellite nanoparticles in our study. A possible reason for not seeing prominent effects of the salt concentration was that the densely immobilized AuNPs affected the symmetry of Ag growth and resulted in an asymmetric Ag shell at both high and low salt concentrations, as illustrated in Fig. [3a](#Fig3){ref-type="fig"}. In addition to the NaCl concentration, we also tried to vary the amounts of polyvinylpyrrolidone (PVP), (+)-Sodium L-ascorbate (L-SA), and silver nitrate (AgNO~3~) (see Supplementary Table [S1](#MOESM1){ref-type="media"}), which were the reagents used for Ag growth, while keeping their ratio constant to adjust the thickness the Ag shell. The SEM images of the nanostructures coated with the Ag shells of different thickness (Fig. [5a--d](#Fig5){ref-type="fig"}) and the size analysis (Fig. [5e](#Fig5){ref-type="fig"}) show that the sizes of the Au-Ag core-shell nanoparticles increased with the amount of AgNO~3~. Nevertheless, the shapes of the Au-Ag nanoparticles became more irregular when the amount of AgNO~3~ was increased above a certain level (Fig. [5d](#Fig5){ref-type="fig"}). To evaluate the effects of the Ag shells on SERS measurements, we prepared SERS substrates similar to that shown in Fig. [3f](#Fig3){ref-type="fig"} using the nanostructures that had Au-Ag nanoparticles of different sizes (see Fig. [5e](#Fig5){ref-type="fig"}) and then utilized the substrates to measure the SERS spectra of 100 μM adenine (see Supplementary Fig. [S6](#MOESM1){ref-type="media"}). As shown in Fig. [5f](#Fig5){ref-type="fig"}, the intensity of the Raman peak at 734 cm^−1^ was highest when the size of the Au-Ag nanoparticle was \~35 nm, which were obtained using 200 μl of 1 mM AgNO~3~. Increasing the size of the nanoparticles from 35 nm to 42 nm did not result in higher Raman enhancement. In fact, the nanostructures with the 42-nm Au-Ag nanoparticles showed the lowest enhancement because some of the nanogaps between the nanoparticles disappeared as the nanoparticles became too large. In addition to the intensity of the Raman peak, we also compared the signal-to-background (S/B) ratio of the Raman peak in the raw SERS spectra before removing the background (see Supplementary Fig. [S7](#MOESM1){ref-type="media"}). It was found that the S/B ratio was highest for the nanostructures with 35-nm Au-Ag nanoparticles. Based on the results, we used the nanostructures that had 35-nm Au-Ag satellite nanoparticles to measure melamine and NaSCN.Figure 5Effects of the thickness of the Ag shells on the geometries and the SERS effects of the core-satellite nanostructures. (**a**--**d**) Representative SEM images showing the nanostructures coated with the Ag shells using (**a**) 50 μl, (**b**) 100 μl, (**c**) 200 μl, and (**d**) 400 μl of 1 mM AgNO~3~. (**e**) The average sizes of the Au-Ag core-shell satellite nanoparticles synthesized using different amounts of AgNO~3~ (*n* = 20 per experimental condition). Error bars, SD. (**f**) The intensities of the characteristic Raman peak of adenine at 734 cm^−1^ measured using the nanostructures that had the satellite nanoparticles of the sizes shown in (**e**) (*n* = 10 per experimental condition). Error bars, SD.

Detection of melamine and NaSCN {#Sec6}
-------------------------------

We measured SERS spectra of a few different concentrations of melamine and NaSCN, which are both related to the safety of milk, to understand the sensitivity of our SERS substrate. We first measured melamine and NaSCN in water, and then we performed SERS measurements with milk samples spiked with melamine and NaSCN. Melamine, an excess amount of which can cause adverse effects on kidney, had been illegally adulterated in infant formula and animal feeds to increase the apparent protein content because of its high nitrogen content^[@CR66]^. Unfortunately, contamination of milk products with melamine had resulted in many cases of renal complications and a few cases of death of children in China in 2008^[@CR67]^. The Maximum Residue Limit (MRL) for melamine has been set to 1 ppm for infant formula and 2.5 ppm for other milk products in the United States and many other countries. Figure [6a](#Fig6){ref-type="fig"} shows the Raman spectra of melamine in water measured using the SERS substrates formed by accumulating our core-satellite nanostructures, and Fig. [6b](#Fig6){ref-type="fig"} shows the intensities of the characteristic Raman peak of melamine at 703 cm^−1^. As shown in Fig. [6b](#Fig6){ref-type="fig"}, we have successfully used our SERS substrates to detect 0.5 μM melamine, which is \~0.06 ppm and is much lower than the MRL.Figure 6SERS detection of melamine and NaSCN using the synthesized core-satellite nanostructures. (**a**) SERS spectra of melamine in water with concentrations ranging from 0.5 μM to 100 μM. (**b**) A plot of the intensity of the Raman peak at 703 cm^−1^ versus melamine concentration (*n* = 10 per concentration). Error bars, SD. (**c**) SERS spectra of NaSCN in water with concentrations ranging from 0.1 μM to 25 μM. (**d**) A plot of the intensity of the Raman peak at 2109 cm^−1^ versus NaSCN concentration (*n* = 10 per concentration). Error bars, SD. (**e**) SERS spectra of milk samples spiked with different concentrations of melamine (blank, 1 μM, 10 μM, and 100 μM). The inset in (**e**) shows the intensities of the Raman peak at 703 cm^−1^ versus melamine concentration (*n* = 10 per concentration). Error bars, SD. (**f**) SERS spectra of milk samples spiked with different concentrations of NaSCN (blank, 0.1 μM, 1 μM, and 10 μM). The inset in (**f**) shows the intensities of the Raman peak at 2109 cm^−1^ versus NaSCN concentration (*n* = 10 per concentration). Error bars, SD.

In addition to melamine, we also measured the Raman spectra of NaSCN in water with concentrations ranging from 0.1 μM to 25 μM (5.8 μg/L-1.45 mg/L of SCN^−^), as shown in Fig. [6c](#Fig6){ref-type="fig"}. Thiocyanate (SCN^−^) is an important component of the lactoperoxidase system, which is an effective natural antibacterial system in milk. It has been reported that the average concentration of SCN^−^ in raw milk samples collected from China, New Zealand, and the Netherland was 2.11 mg/kg and that the suggested baseline concentration for SCN^−^ was 9 mg/kg^[@CR68]^. Low concentration of SCN^−^ in milk does not cause negative health effects, but an excess amount of NaSCN added to milk as a preservative can affect iodine uptake^[@CR69]^. Figure [6c](#Fig6){ref-type="fig"} shows that the characteristic Raman peak of NaSCN at 2109 cm^−1^ was still visible in the spectrum when the concentration of NaSCN was 0.1 μM (5.8 μg/L of SCN^−^), and Fig. [6d](#Fig6){ref-type="fig"} shows how the intensity of the Raman peak at 2109 cm^−1^ increased with the concentration.

After measuring melamine and NaSCN in water, we tried to use our SERS substrates to detect melamine and NaSCN in milk. We prepared milk samples spiked with melamine (from 1 μM to 100 μM) and NaSCN (from 0.1 μM to 10 μM) respectively, and then we used the sample preparation procedures detailed in the Materials and Methods section to remove large molecules before SERS measurements. The results, as shown in Fig. [6e,f](#Fig6){ref-type="fig"}, indicated that we were able to detect 1 μM (\~0.13 ppm) melamine and 0.1 μM NaSCN (5.8 μg/L of SCN^−^) in milk. The detection limit of 1 μM for melamine is already below the MRL for infant formula, and the detection limit of 5.8 μg/L for SCN^−^ is below the baseline concentration of SCN^−^ in raw milk.

Conclusions {#Sec7}
===========

In summary, we synthesized the core-satellite nanostructures that were able to provide strong and reproducible Raman enhancement using a DNA-assisted self-assembly process. Many small gaps between metal nanoparticles were created by densely immobilizing the AuNPs on the polymer beads. To obtain as many gaps as possible, we tested the dependence of the AuNP immobilization on the NaCl concentration and the number ratio of the AuNPs to the polymer beads to maximize the density of the immobilized AuNPs. In addition, since the AuNPs were immobilized on the beads, we were able to reduce the sizes of the gaps between the nanoparticles of the assembled nanostructures by adding a Ag shell to the AuNPs. To optimize the SERS effects, we precisely adjusted the thickness of the Ag shell to make the gaps function as effective SERS hot spots. Moreover, to maximize the number of hot spots under laser irradiation during SERS measurements, we accumulated the synthesized core-satellite nanostructures, which were dispersible in a solution, by drying nanostructure-containing droplets on hydrophobic PDMS sheets. The closely packed nanostructures had densely distributed hot spots on the surfaces of the polymer beads and functioned as sensitive and reproducible 3D SERS substrates for detection of molecules. We successfully used the substrates to detect 0.5 μM melamine and 0.1 μM NaSCN, which are both much lower than their safe levels. Our results demonstrated that this kind of self-assembled SERS substrates could be utilized for sensitive and reproducible detection of molecules related to food safety testing and environmental monitoring applications.

Materials and Methods {#Sec8}
=====================

Materials {#Sec9}
---------

All DNA molecules were synthesized by MDBio, Inc. The 20-nm AuNPs and the 1-μm streptavidin-coated polystyrene beads were purchased from Nanocs and Bangs Laboratory, Inc., respectively. Polydimethylsiloxane (PDMS) (Sylgard 184) was purchased from Dow Corning. Other chemical and biochemical products, including sodium chloride (NaCl), sodium phosphate dibasic (Na2HPO4), sodium phosphate monobasic (NaH2PO4¬), sodium dodecyl sulfate (SDS), tris(2-carboxyethyl)phosphine hydrochloride (TCEP-HCl), polyvinylpyrrolidone (PVP) (MW 40,000), (+)-Sodium L-ascorbate (L-SA), silver nitrate (AgNO~3~), Tween 80, phosphate buffer saline (PBS), melamine, sodium thiocyanate (NaSCN) were all obtained from Sigma-Aldrich.

Synthesis of core-satellite nanostructures {#Sec10}
------------------------------------------

The DNA molecules used in this study were the dual-labelled linker DNA, 5′-thiol-C6-(A)~10~-CAT CCT CAA C-(A)~8~-biotin-3′, and the thiol-labelled A~10~ DNA, 5′-thiol-C6-(A)~10~-3′. The AuNPs were functionalized with the two kinds of thiol-labelled DNA though gold-thiol chemistry using a method similar to that previously reported^[@CR62],[@CR70]^. Briefly, to activate the thiol group of the DNA, we mixed 1.2 μl of 100 μM A~10~ DNA and 1.2 μl of 10 μM linker DNA with 7.6 μl of 5 mM TCEP for 1 h at room temperature. To stabilize the AuNPs for the DNA conjugation process, we mixed 200 μl of the AuNPs with 0.8 μl of 10% (v/v) Tween 80 for 30 min at room temperature, and then we removed unbound Tween 80 by centrifugation at 9000 g for 15 min. After resuspending the AuNPs in 20 μl of water, to functionalize the AuNPs with DNA, we mixed the Tween 80-coated AuNPs with 10 μl of the activated DNA in 10 mM phosphate buffer (pH 7.4) containing 0.1 M NaCl. The mixture was incubated at 55 °C for 5 h, and then the DNA-functionalized AuNPs were washed with 10 mM phosphate buffer (pH 7.4) by centrifugation three times at 9000 g for 15 min. The AuNPs were resuspended in 200 μl of 10 mM phosphate buffer (pH 7.4) after the last centrifugation, and the concentration of NaCl in the phosphate buffer was 0 M, 0.05 M, or 0.3 M when we tested the effects of NaCl concentration on the AuNP immobilization. To immobilize the AuNPs on the streptavidin-coated polymer beads, the DNA-functionalized AuNPs were mixed with a certain amount of the beads for 12 h at room temperature. The volume of the beads mixed with the AuNPs was 1.6 μl, 3.2 μl, or 4.8 μl, which corresponded to the number ratios of 5000:1, 2500:1, and 1667:1 (AuNPs: beads), respectively, when we tested the effects of the number ratio of the AuNPs to the polymer beads on the AuNP immobilization. After immobilizing the AuNPs on the beads to form the core-satellite nanostructures, unbound AuNPs were removed by centrifugation at 6000 g for 3 min, and then the nanostructures were resuspended in 50 μl of 10 mM phosphate buffer (pH 7.4) containing 0.3 M NaCl.

Growth of Ag shells on AuNPs {#Sec11}
----------------------------

We used 1% PVP, 0.1 M L-SA, and 1 mM AgNO~3~ in DI water to add Ag shells to the synthesized core-satellite nanostructures through a chemical reduction method^[@CR13],[@CR65]^. We varied the amounts of PVP, L-SA, and AgNO~3~ used in the synthesis but keeping their ratio constant (see Supplementary Table [S1](#MOESM1){ref-type="media"}) to adjust the thickness of the Ag shells. We mixed 50 μl of the core-satellite nanostructures with the three reagents in 10 mM phosphate buffer containing 0.3 M NaCl during the synthesis. The mixture was shaken at room temperature for 6 h, and then the nanostructures were washed with water by centrifugation two times at 1000 g for 2 min.

SERS measurements {#Sec12}
-----------------

We measured SERS spectra using a Raman microscope equipped with a 633 nm HeNe laser (Horiba, LabRAM HR800). The laser was focused by a 20X objective lens with N.A. 0.4 during measurements, and the laser power was 0.8 mW before the objective. We compared two different methods to utilize the nanostructures to enhance Raman signals. When using the first method, we mixed the core-satellite nanostructures with analyte solution (1:1 volume ratio) and then put a drop of the mixture between a microscope slide and a coverslip for SERS measurement. The analytes were measured in solution. When using the second method, a PDMS sheet was first prepared by mixing the silicone elastomer with curing agent (10:1). After the PDMS sheet was cured, we put 3 μl of the synthesized nanostructures on the surface of the PDMS sheet placed on a microscope slide, and then we overturned the microscope slide and the PDMS sheet to dry the droplet. After the hanging droplet was dried completely, we overturned the microscope slide and the PDMS sheet again and then put \~8 μl of analyte solution on the top of the accumulated cores-satellite nanostructures for SERS measurements. The analytes were also measured in solution. Schematic representations of the flow chambers used for SERS measurements are shown in Supplementary Fig. [S8](#MOESM1){ref-type="media"}.

Sample preparation procedures for milk samples {#Sec13}
----------------------------------------------

Stock solutions of melamine and NaSCN were prepared by dissolving them in DI water. Milk samples were spiked with the analytes by mixing 50 μl of a diluted analyte stock solution and 450 μl of milk. Then, the spiked sample was mixed with1000 μl of methanol and 5 μl of 3.7% HCl for 30 min. Afterwards, large molecules were removed from the milk sample by centrifugation at 20,000 g for 20 min, and then the supernatant was filtered with a 0.22 μm PTFE filter. The filtered solution was then ready for measurement.
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